Dehairing alkaline protease (DHAP) from Bacillus pumilus BA06 has been demonstrated to have high catalytic efficiency and good thermostability, with potential application in leather processing. In order to get insights into its catalytic mechanism, two mutants with single amino acid substitution according to the homology modeling and multiple sequence alignment were characterized in thermodynamics of thermal denaturation and temperature dependence of substrate hydrolysis. The results showed that both mutants of V149I and R249E have a systematic increase in catalytic efficiency (k cat /K m ) in a wide range of temperatures, mainly due to an increase of k 1 (substrate diffusion) and k 2 (acylation) for V149I and of k 2 and k 3 (deacylation) for R249E. In comparison with the wild-type DHAP, the thermostability is increased for V149I and decreased for R249E. Thermodynamic analysis indicated that the free energy (ΔG a°) of activation for thermal denaturation may govern the thermostability. The value of ΔG a°i s increased for V149I and decreased for R249E. Based on these data and the structural modeling, it is suggested that substitution of Val149 with Ile may disturb the local flexibility in the substrate-binding pocket, leading to enhancement of binding affinity for the substrate. In contrast, substitution of Arg249 with Glu leads to interruption of interaction with the C-terminal of enzyme, thus resulting in less thermostability. This study indicates that amino acid residues in the active center or in the substrate-binding pocket may disturb the catalytic process and can be selected as the target for protein engineering in the bacterial alkaline proteases.
Introduction
Alkaline protease from the bacteria Bacillus is an important enzyme that has been not only intensively applied to multiple industries, like laundry, food processing and leather processing, but also used as a model to investigate the catalytic mechanism [1, 2] . Great efforts have been made on screening and isolating new enzymes [3, 4] . Up to now, various alkaline proteases have been purified and characterized from different strains of B. pumilus [5] [6] [7] [8] . These proteases belong to subtilisin according to the sequence alignment and are classified as endopeptidase Q in the MEROPS database [9] . Endopeptidase Q shows plausible properties, such as good thermostability, higher catalytic efficiency, and tolerance to stresses, indicating its great potential in industrial applications [8, [10] [11] [12] .
Protein engineering has been extensively applied to the alkaline proteases. Many mutants with improved catalytic properties, including proteolytic activity, thermostability, and substrate specificity, have been reported [13, 14] . For examples, the specific activity of mutant AprE51-6 of subtilisin from B. amyloliquefaciens CH51 was enhanced by 6 folds in terms of k cat /K m [15] ; and the thermostability of the variant MF1 of B. gibsonii alkaline protease (BgAP) was increased over 100 times of half-life at 60°C [16] . However, protein engineering was seldom applied to endopeptidase Q. Site-directed mutagenesis has been carried out only in B. pumilus CBS alkaline proteinase (SAPB), which demonstrated that several mutants exhibited significantly enhanced catalytic efficiency and thermostability [17] .
Previously, a serine alkaline protease from B. pumilus BA06, named as dehairing alkaline protease (DHAP), was purified and characterized biochemically [7, 18] . This enzyme showed maximal activity at pH 10.0 and 55°C [7] . In addition, the enzyme also showed high proteolytic activity and good thermal stability <60°C [18] . DHAP is of great potential in industrial applications, for example, in leather processing [11] . In order to improve the thermostability and catalytic performance of DHAP, especially at lower temperature, several sites were chosen for site-directed mutagenesis based on the structural modeling and multiple sequence alignment of DHAP with other alkaline proteases including cold adaption enzymes (data not shown). In this study, the individual rate constants for the substrate hydrolysis and thermostability of two mutants of V149I and R249E were calculated through the analysis of thermodynamics and temperature dependence of substrate hydrolysis.
Materials and Methods

Chemicals and enzymes
Synthetic peptide substrate N-succinyl-Ala-Ala-Pro-Leu-p-nitroanilide (AAPL-pN) was purchased from Sigma-Aldrich (St Louis, USA). The other chemicals were of analytical grade. Restriction enzymes and Pfu DNA polymerase were purchased from Fermenats (Vilnius, Lithuania) and Tiangen Biotech Co. (Beijing, China), respectively.
Mutagenesis, expression, and purification
The recombinant plasmid pSUBpAp [19] , hosting the full-coding region of DHAP, was served as the template for site-directed mutagenesis. The mutagenesis was performed following the QuikChange method (Stratagene, Cedar Creek, USA) according to manufacturer's instruction with minor modification. The primers (dhV149I-F:
were designed with the mutagenesis nucleotides (underlined) and used for the construction of mutations V149I and R249E, respectively. The mutagenesis PCR was carried out using Pfu DNA polymerase in 25 μl of mixture containing ∼100 ng pSUBpAp as template. PCR was carried out as follows: an initial denaturation at 95°C for 2 min; followed by 25 cycles including annealing for 30 s at 94°C and extension at 68°C for 8 min; and a final extension for 10 min at 68°C. The PCR products were digested with DpnI at 37°C for 1 h to remove the parent template, and then transformed into Escherichia coli JM109. The desired mutations were confirmed by DNA sequencing. The plasmids containing the wild-type (wt) and mutants of DHAP were transformed into the competent cells of B. subtilis WB600 [20] . The confirmed transformants were inoculated in 50 ml of LuriaBertani medium (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl) supplemented with 1% milk powder and kanamycin (50 μl/ml) and incubated at 37°C overnight. Then, 20 ml of the culture for each mutant was transferred into 2 l of the same medium and continued shaking at 200 rpm and 37°C for 48 h. The supernatant was harvested by centrifugation at 4600 g for 10 min at 4°C. The proteins were precipitated by adding solid ammonium sulfate to 80% saturation. The pellet was dissolved in 5 ml of phosphate buffer (25 mM, pH 8.0) and clarified at 4°C by centrifugation at 15,500 g for 10 min. This crude extract (∼5 ml) was loaded onto the gel filtration column (Hiprep 16/60 Sephacryl S-200 High Resolution; GE Healthcare, Wisconsin, USA). The proteins were eluted with 2-fold column volumes of the elution buffer (25 mM phosphate buffer, 2 mM CaCl 2 , and 150 mM NaCl, pH 8.0) and 2-ml fractions were collected. The fractions with protease activity were pooled and dialyzed against 2 l of 25 mM Tris-HCl buffer ( pH 8.0) for 24 h at 4°C
. The resulting sample was concentrated and stored in the 25 mM Tris-HCl buffer with 50% glycerol and 1 mM CaCl 2 . The protein concentration was determined by quantifying the intensity of protein bands on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using BSA as a standard.
Protease activity assay and kinetic estimation
Hydrolysis of the synthetic peptide substrate was performed in 25 mM Tris-HCl buffer ( pH 8.0) containing 5 mM CaCl 2 with the indicated amount of substrate and enzyme as previously described [18] . The hydrolytic reaction was catalyzed by addition of the enzyme and the release of p-nitroanilide was monitored with the change in absorbance at 410 nm using the spectrophotometer UV2450 (Shimadzu, Kyoto, Japan) at the indicated temperature. The concentration of p-nitroanilide was estimated with ɛ 410 = 8880 M −1 cm −1 as a molar extinction coefficient. For estimation of the kinetic parameters for the wt and mutant enzymes, the initial velocity was measured in a range of various substrate concentrations (0.05-1 mM) at the indicated temperature. The experimental data were used to fit the Michaelis-Menten model by nonlinear regression using the software CurveExpert V1.3 (http://www.ebicom. net/~dhyams/cvxpt.htm). Finally, the kinetic parameters (K m and k cat ) were calculated from the fitting results. All the experiments were performed in triplicates.
Determination of individual rate constants and activation energies
DHAP is a serine alkaline protease that catalyzes the hydrolysis of peptide bonds through the formation of an acyl-enzyme intermediate (EAc), which is in turn hydrolyzed into the free acid [21] . The hydrolytic process can be represented as in Scheme 1, where k 1 is the substrate diffusion constant into the active site, k −1 is the substrate dissociation constant, k 2 the acylation constant, and k 3 the deacylation constant.
For the determination of individual rate constants and activation energies for hydrolysis of AAPL-pN by DHAP and its mutants, the following Equations developed based on the temperature dependence of kinetic parameters were used by the Arrhenius plots of the ln(k cat /K m ) and ln(k cat ) vs. the reciprocal of temperature in Kelvin (1/T), respectively [22] .
where R is the gas constant (8.3145 J/K mol) and T 0 is the temperature of 298.18 K; T is the temperature in Kelvin; E 1 , E −1 , E 2 , and E 3 are activation energies corresponding to the individual rate constants of k 1 , k −1 , k 2 , and k 3 , respectively.
Characterization of thermostability
For the analysis of thermal stability of the enzymes, the wt and mutant enzymes (5 ng) in the buffer (25 mM Tris-HCl, pH 8.0, 5 mM CaCl 2 ) were incubated at the indicated temperatures (50, 55, 60, 65, and 70°C) for various times. The enzyme was withdrawn and rapidly cooled on ice to stop thermal inactivation. Then, the residual activity towards substrate AAPL-pN (0.2 mM) was measured at 50°C as described above. All the experiments were performed at least in triplicates.
The half-life and rate constant (k D ) of thermal denaturation were calculated as described by Marangoni [23] . Briefly, the survival activities at different temperatures for each enzyme were plotted against the time (data not shown), and the loss in activity for the three enzymes followed the first-order decay equation in time. As a result, the rate constant (k D ) and half-life of thermal denaturation could be estimated.
The rate constant (k D ) at various temperatures was used to calculate the standard molar Gibbs free energy of activation (ΔG a°) by fitting the Eyring equation,
, as described previously [24] , in which R is the gas constant 
Homology modeling of DHAP
The homology structural modeling of DHAP was carried out on the Swiss-Model Server [25] with the alkaline protease subtilisin E (PDB number: 1SCJ) [26] as template. The structural modeling was viewed and analyzed using the software SPDB V4.0 [27] .
Results
Design of mutations
DHAP is encoded by the strain of B. pumilus BA06, and consists of 382 amino acids with 107 amino acids at the N-terminus as pre-pro-sequence [19] . The active form of DHAP is a single chain composed of 275 amino acids [19] . Since DHAP belongs to the subtilisin family Q, it has the conserved catalytic triad (Asp32, His64, and Ser221) and oxyanion hole (Asn155) [10] . DHAP shares the highly homologous characteristics of the other subtilisins, which were subject to protein engineering extensively [13, 14, 17] . Furthermore, sequence analysis indicated that psychrophilic enzymes tend to contain the specific amino acids at the given sites [28] . For examples, buried sites in β-strands tend to lack Val and the content of Arg at exposed sites tends to decrease in psychrophilic enzymes [29] . Kano et al. [31] reported that a mutant M-15 (V84I) of subtilisin BPN 0 has increased catalytic activity at lower temperature without lowering thermostability [30] . In fact, the natural psychrophilic enzymes are usually heat-labile. The enhancement of the catalytic activity of the enzyme is commonly attributed to increased flexibility, which may lead to a decrease of the thermostability [31, 32] . However, some mutant enzymes with higher activity and higher stability have also been achieved by protein engineering [17, 33] . On the basis of the above information, 13 sites were selected as the targets for site-directed mutagenesis of DHAP, so as to probe their effect on the catalytic activity and thermostability. Among these sites, Val149 is located at the seventh β-sheet in DHAP, and the corresponding site in the psychrophilic subtilisin S41 is Ile (Fig. 1A) . Arg249 is located at the seventh α-helix, conserved across all the selected subtilisins (Fig. 1B) .
Purification of the recombinant enzymes
The wt and mutants of DHAP were expressed in B. subtilis WB600. After being precipitated with ammonium sulfate (80% saturation) and passed through the gel filtration, each of the recombinant proteases was electrophoretically purified with purity over 85% as estimated by SDS-PAGE (Fig. 1C) . Finally, the protein concentration of each sample was determined and adjusted to 0.5 mg/ml, respectively. Initially, hydrolytic activity of the mutants (V149I and R249E) towards substrate AAPL-pN was compared with that of the wt under a wide range of temperatures (Fig. 1C) . It is shown that both mutants have higher activity towards the substrate AAPL-pN than the wt over the temperature range from 15°C to 65°C. Notably, the hydrolytic activity of V149I at 15°C is almost more than twice of that of the wt.
Kinetic characterization and temperature dependence of rate constants
As the mutants showed higher hydrolytic activities than the wt across the wide range of temperatures, the kinetic constants K m and k cat were calculated by measuring the initial velocities towards substrate AAPL-pN under a range of concentrations from 0.05 to 1 mM at various temperatures. As shown in Table 1 , no significant difference in the kinetic parameters was observed among the wt and two mutants of V149I and R249E at each temperature. However, mutants of V149I and R249E have the systematical lower values of K m and higher values of k cat in comparison with the wt at various temperatures (25°C to 60°C), leading to a systematical increase in the catalytic efficiency (k cat /K m ) for both mutants. Notably, the values of k cat /K m of all the three forms of enzyme declined slightly once the temperature was over 50°C, which is recognized as the optimal temperature of substrate hydrolysis for the wt [7] .
In order to get insights into the effect of mutants on the catalytic mechanism, individual rate constants (k 1 , k −1 , k 2 , and k 3 ) and activation energy values of E 1 , E −1 , E 2 , and E 3 relative to each rate constant were calculated based on the temperature dependence of kinetic parameters [34] . Arrhenius plots of the ln(k cat /K m ) and ln(k cat ) vs. the reciprocal of temperature in Kelvin (1/T) are shown in Fig. 2 , respectively. The values in the plots for the three enzymes can be separated into two sets, one for lower and another for higher temperatures. Equations (1) and (2) were used for the plot ln(k cat /K m ) vs. 1/T, and Equations (3) and (4) were used for the plot ln(k cat ) vs. 1/T. The individual rate constants and activation energies for catalysis of the substrate AAPL-pN by the three enzymes are listed in Table 2 .
In the case of V149I, values of k 1 , k 2 , and k 3 are increased in comparison with that of the wt. The higher value of k 1 implies that the substrate diffuses faster into the active center of the enzyme in the aqueous solution [35] . And the k −1 of V149I, the substrate dissociation rate constant, is also faster than that of the wt. However, k −1 /k 1 defines the K d which represents substrate binding [36] . The value of K d of V149I was 0.179 mM, lower than that (0.202 mM) of the wt, indicating that substitution of Val149 with Ile leads to an increase of affinity to the substrate. The activation energy (E 1 ) of V149I is larger than that of the wt, implying that additional events may take place to form the enzyme-substrate complex in which induced-fit conformational transition is favorable for the substrate to diffuse into the active site for V149I than the wt [24] . The V149I mutant also enhances the acylation and deacylation in terms of the k 2 and k 3 , but the corresponding activation energy (E 2 ) is decreased in comparison with that of the wt.
The substitution of R249 with Glu produces an obvious effect on the k 2 and k 3 , as well as the activation energy E 2 and E 3 ( Table 2) . Thus, the formation of acyl-intermediate and deacylation in the catalytic process of the mutant R249E are recognized to be enhanced in comparison with that of the wt. However, the substrate affinity of R249E (K d = 0.233 mM) is reduced in comparison with that of the wt.
Thermostability
The thermostability of the wt and mutants V149I and R249E was also investigated over the temperature from 50°C to 70°C. Denaturation of the enzymes was measured by activity loss after incubation of the enzymes in the assay buffer at various temperatures for different times. The half-life of thermal denaturation at different temperatures is shown in Table 3 . V149I is found to be more stable than the wt DHAP, especially at higher temperatures. The half-life of denaturation at 60°C and 70°C of mutant V149I is more than 2 folds of that of the wt. In contrast, mutant R249E is less stable than the wt, especially at the lower temperature range in terms of the half-life of thermal denaturation. At 50°C, the half-life (79.7 min) of R249E is shortened to ∼26.4% of that of the wt.
In order to get an insight into the mechanism of thermal denaturation, thermodynamic analysis of the thermostability was performed. Fig. 3A shows the good fitting of the rate constant (k D ) of thermal denaturation to the reciprocal of temperature. Consequently, the standard molar Gibbs free energy of activation (ΔG a°) was estimated by using the Eyring equation as mentioned above [24] .
The value of ΔG a°a s a function of temperature is shown in Fig. 3B . The linear relationship of ΔG a°v s. temperature (ΔG a°= ΔH a°− TΔS a°) allows us to calculate the thermodynamic variables, enthalpy (ΔH a°) , and entropy (ΔS a°) ( Table 4) . Accordingly, the standard molar Gibbs free energy of activation (ΔG a°) governs the thermostability [37] . Overall, ΔΔG a°(V149I-wt) , defined as ΔG a°(V149I) −ΔG a°(wt) , is a positive value for each temperature point, indicating that V149I is more stable than the wt. Furthermore, the value of ΔΔG a°(V149I-wt) is gradually increased with the temperature rising up. That is consistent with the apparent observation for V149I which shows to be more stable than the wt, especially in higher temperature range (e.g. 70°C). The thermal denaturation kinetics is unfavorable in terms of enthalpy but favorable in terms of entropy. Since ΔG a°= ΔH a°− TΔS a°, the enthalpy-entropy compensation defines the ΔΔG a°, which is often observed in the weak interactions [38, 39] . For examples, at 50°C the ΔΔH a°(V149I-wt ) is almost compensated by TΔΔS a°, leading to a lower net value of ΔΔG a°(V149I-wt) . ΔΔH a°(V149I-wt ) cannot be compensated completely by TΔΔS a°a t 70°C, thus ΔΔG a°(V149I-wt) is larger at that temperature. In addition, the energy of activation (E a ) of V149I is lower than that of the wt (Table 4) .
In the case of mutant R249E, the ΔΔG a°(R249E-wt) is a negative value, especially at 50°C, indicating that R249E is less stable than the wt, which is consistent with the observation. Although R249E has a lower value of ΔH a°, which is generally recognized to be unfavorable for thermal denaturation, the lower value of TΔS a°a t 50°C leads to a lower ΔG a°, indicating TΔS a°d ominates the thermostability in the mutant of R249E. In contrast, at higher temperature (70°C), ΔΔG a°(R249E-wt) is small (−0.33 kJ/mol), suggesting that ΔH a°i s almost compensated by TΔS a°a t that temperature.
Structural modeling of DHAP
The crystal structure of various alkaline proteases from Bacillus has been resolved with a high degree of similarity [26, 40] . As a result, the homology modeling of DHAP is easily constructed online at SwissModel with a subtilisin E (PDB number: 1SCJ) as template (Fig. 4) . Accordingly, Val149 is localized in the seventh β-sheet which is buried within the structure model, and the side group of Val149 protrudes towards one of the substrate-binding loops (Fig. 4B) . Substitution of Val149 with Ile which has a larger side group (Fig. 4C ) may disturb the substrate-binding pocket.
Arg249 is localized at the seventh α-helix and may expose out to the solvent. And more importantly, Arg249 interacts with the oxygen group at the carboxyl terminal, as well as the last α-helix by forming four hydrogen bonds (Fig. 4D) , suggesting that Arg249 may play a role in fixation or stability of the C-terminal. Substitution of Arg249 with Glu which has a shorter side group leads to the loss of hydrogen bonds (Fig. 4E) .
Discussion
DHAP is a typical serine protease, sharing similar structure with the subtilisins from various bacteria. Based on the multiple sequence alignment (Fig. 1A,B) , 13 sites were chosen for site-directed mutagenesis. In fact, substitution of several sites (like V26I, V148I, V150I, V198I, V227A, and R249E) produced positive effects on thermostability and catalytic efficiency or both. The other mutants such as E112R and K136T lost hydrolytic activity almost completely (data not shown). Finally, two mutants (V149I and R249E) were characterized in detail by thermodynamic analysis of thermal inactivation and the temperature dependence of substrate hydrolysis. To our knowledge, the corresponding sites (Val149 and Arg249 in DHAP) have not been chosen or screened for protein engineering in any other subtilisin. The analysis of temperature dependence of substrate hydrolysis, first studied for thrombin [41] , is extended to the bacterial subtilisin so as to resolve the individual rate constant in this work. The k 2 is largely higher than k 3 for DHAP and its mutants, suggesting that deacylation may be the rate-limiting step for the substrate hydrolysis of bacterial subtilisin. In contrast, catalytic efficiency (k cat ) is mainly defined by the k 2 in the other serine proteases, like trypsin [36, 41] .
Val149 is highly conserved in bacterial subtilisins (Fig. 1A) and locates in the seventh β-sheet in the structural modeling of DHAP (Fig. 4A) . Substitution of Val149 with Ile leads to an increase of hydrolytic efficiency and thermostability. The analysis of temperature dependence of substrate hydrolysis reveals that V149I mainly enhances substrate diffusion (k 1 ) and acylation (k 2 ) in catalytic procedures in comparison with the wt (Table 1) . Thus, k 1 and k 2 are dominant for V149I to contribute to the systematic increase of catalytic efficiency (k cat /K m ). Notably, affinity of substrate binding (
is increased for V149I, which is consistent with the increased activation energy (E 1 ) for the substrate binding. It is suggested that additional events may take place to form the enzyme-substrate complex in which induced-fit conformational transition is favorable for the substrate to diffuse into the active site [24] . Accordingly, Val149 is buried within the structural model and its side group protrudes towards one of the substrate-binding loops (Fig. 4B) . In general, the bacterial alkaline proteases have evolved as a compact structure as a whole except the limited flexible regions, such as the substrate-binding sites [42, 43] . Substitution of Val149 with Ile with a larger side group may disturb the substrate-binding pocket (Fig. 4C) , hence enhancing the local flexibility, which is also implied by the above thermodynamic analysis and the temperature dependence of substrate hydrolysis. In another serine protease SAPB from B. pumilus CBS, substitution of Leu31 and Thr33 with Ile and Ser, respectively, may modulate the local structure in the substrate-binding pocket, thus contributing to the enhancement of the catalytic activity and alteration of substrate specificity [44] .
The thermodynamic analysis indicates that increased free energy (G a°) of activation of thermal denaturation may ascribe to the increased thermostability of V149I [35] . And the activation energy (E a ) is decreased (Table 4) , which is associated with an increase in the flexibility and mobility [40] . Thus, V149I may have higher flexibility than the wt in terms of the thermodynamic analysis. Flexibility is generally required to bind and transform the substrate for an enzyme, so the higher proteolytic efficiency and substrate affinity of V149I may be due to structural flexibility in the substrate-binding pocket caused by mutation.
Arg249 is also conserved in the bacterial subtilisins (Fig. 1B) . Substitution of Arg249 with Glu results in an increase of catalytic efficiency (k cat /K m ), which may be largely ascribed by increase of both acylation and deacylation, since the values of k 2 and k 3 are much higher than those of the wt ( Table 2) . However, the thermostability of R249E is reduced in comparison with that of the wt. The decreased free energy of activation of thermal denaturation can be used to explain this influence. In addition, Arg249 interacts with the oxygen group at the C-terminal via formation of hydrogen bonds in the structural model (Fig. 4D) , thus replacement of Arg249 by Glu leads to the loss of interaction, which may make the C-terminal more flexible and less stable. For most psychrophilic enzymes, the thermal instability usually associates with the higher k cat at lower temperature [31] . The thermodynamic analysis indicates that a reduction of ΔH a°i n the psychrophilic enzymes is ascribed to a higher k cat [31] . In terms of ΔH a°, R249E is expected to have a higher catalytic efficiency or k cat in comparison with the wt, which is consistent with the experimental assay of catalytic activity. In addition, the negative charge of Glu249 may change the local surface charge, which may lead to alternation of proteolytic activity [45] . In fact, the proteolytic activity of R249E is reduced at pH 12.0 much more sharply than that of the wt (data not shown).
In conclusion, two single amino acid mutations (V149I and R249E) of the DHAP from B. pumilus BA06 lead to a systematic increase of catalytic efficiency in terms of k cat /K m under a wide range of temperatures. But intrinsic mechanism is different according to the analysis of temperature dependence of substrate hydrolysis. The substitution of Val149 with Ile mainly leads to the enhancement of substrate diffusion (k 1 ) and acylation (k 2 ), and Glu substitution at Arg249 causes an increase of the acylation (k 2 ) and deacylation (k 3 ). However, the thermostability of these two mutants is totally different. Thermodynamic analysis indicates that an increase of the free energy of activation (ΔG a°) for thermal denaturation may account for the enhanced thermostability of V149I and the lower ΔG a°o f R249E leads to less thermostability in comparison with the wt. With the help of the structural modeling, we can interpret that the substitution of Val149 with Ile may disturb the local flexibility of the substrate-binding pocket, hence leading to an increase of substrate affinity and catalytic efficiency. In contrast, substitution of Arg249 with Glu may cause the loss of hydrogen-bonding interaction which may be required to 'fix' or stabilize the C-terminal of enzyme, thereby leading to less thermostability.
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